Objective: To test the effects of lifetime occupational solvent exposure, as measured by dose and timing, on performance on multiple cognitive tests among retired French utility workers.
Occupational exposure to organic solvents-including paints, degreasers, adhesives, and gluesis highly prevalent 1 and associated with cognitive impairment. [1] [2] [3] [4] Solvents affect working memory, attention, and processing speed, 5 primarily because of their lipophilic and hydrophilic properties and subsequent ability to be absorbed by fatty tissue and cellular membranes. 6 There is a growing body of research about effects of solvent exposure on long-term cognitive function, but few studies with rigorous exposure measures have tested the effects of solvents on multiple domains of cognitive function over a prolonged period. However, some research suggests that effects of high exposure may persist after exposure cessation. 4 Many studies use retrospective self-reported exposure assessments with case-control designs, 7, 8 which may be vulnerable to healthy worker survivor effects or differential reporting of exposures regarding cognitive status. 3, 5, 9 Studies with strong exposure assessment methods are often conducted on previously exposed but nonretired workers or in small samples. While age-related cognitive decline can indeed begin in midlife, 10 the extent to which effects of solvents persist into retirement-when normative cognitive aging may also become apparent but occupational exposure has ended-is unknown.
We tested whether lifetime occupational exposure to solvents is associated with cognitive deficits in retired workers by examining the role of lifetime dose, exposure timing, or a combined dose-timing metric in predicting cognitive deficits. We hypothesized that those with high, recent exposure would be at greatest risk but that the highly exposed would exhibit deficits regardless of exposure timing.
METHODS Study population. This study used data from GAZEL, a socioeconomically diverse cohort of 20,625 French civil servants employed at the national utility company, Electricite de France-Gaz de France (EDF-GDF), assembled in 1989. Details on cohort recruitment and data collection are available elsewhere. 11 Briefly, volunteers' annual self-report questionnaires are linked with occupational exposure histories and in-person health examinations.
In 2010, GAZEL investigators launched a campaign to conduct physical and cognitive examinations of participants at 17 testing centers throughout France. Of the 7,890 who lived in the catchment area of the testing centers and thus were eligible for this study, 3,828 initially responded but only 2,962 of those older than 55 years (the age cutoff for inclusion) attended testing. We excluded participants missing data on retirement status or retirement date (n 5 64); solvent exposure (n 5 24); cognitive examination (n 5 43); and educational attainment (n 5 46), a key covariate. Women (n 5 643) were excluded from this analysis because of low solvent exposure prevalence (,0.01%). Thus, analyses were conducted on 2,143 men.
Measures. Outcome. Neuropsychologists administered a battery of validated French versions of tests parallel to those used in the CONSTANCES cohort. 12 General cognitive function was measured using the Mini-Mental State Examination (MMSE) 13 and Digit Symbol Substitution Test (DSST) 14, 15 ; the latter reflects natural response slowing with age and is sensitive to dementia. Verbal memory was assessed through Free and Cued Selective Reminding Test (FCSRT) short-term and delayed tests. 16 Verbal fluency was assessed as both phonemic and semantic fluency. 17 Visual-motor speed and executive function were respectively assessed using Trail Making Tests A and B (TMT-A/TMT-B); the latter captures executive function as it involves more complex tasks requiring concentration. 18, 19 For each test, individuals scoring at or below the bottom quartile of the sample distribution were classified as "impaired," following conventions of past GAZEL analyses. 3, 20 Exposure. A job exposure matrix (JEM) was used to characterize lifetime inhaled exposure to 4 categories of organic solvents: chlorinated solvents (tetrachloromethane, trichloroethylene, perchloroethylene, dichloromethane, trichloroethane), petroleum solvents (hydrazine, others), benzene, and nonbenzene aromatic solvents (toluene diisocyanate). JEMs are a series of tables with exposures listed on one axis and job titles on the other. Titles are grouped to maximize within-group homogeneity, and different tables represent different time periods. Each cell contains an exposure estimate. 21 In GAZEL, lifetime exposure trajectories can be calculated because full job histories are available through company records. The present matrix (MATEX) has increased validity because it was constructed for use in EDF-GDF. Exposure estimates by job title and year were derived from ongoing industrial hygiene monitoring of employee workstations and occupational medicine data and extrapolated to workers in similar positions. 22, 23 Estimates of annual exposure to solvents were calculated as weighted sums of exposure (time-weighted average dose multiplied by exposure probability) for each year between 1960 and 1998.
Individuals were first dichotomized as ever/never exposed to a given solvent type. The exposed were then dichotomized into moderate exposure (total lifetime dose below sample median) and high exposure (lifetime dose at or above median). Exposed individuals were also dichotomized by date of last exposure to a given solvent type: either 1960-1979 ("distal") or 1980-1998 ("proximal").
Covariates. We considered known risk factors for impaired cognitive function potentially associated with solvent exposure: education (measured at GAZEL baseline and dichotomized as high school or below vs more than high school), age in years at testing, occupational grade at midlife (executive, manager, clerk, manual worker; extracted from company records), marital status at year of testing (married/other), weekly units of alcohol consumption (0, 1-14, 15-27, .27), smoking (smoker/nonsmoker), disability (at least one limitation in instrumental activities of daily living), 24, 25 depressive symptomatology (Center for Epidemiologic Studies-Depression Scale: cutoff 5 16), 26 body mass index (kg/m 2 ; BMI) (normal weight, overweight, obese), self-reported hypertension (no/yes), and testing center. Marital status and testing center were not retained because of lack of association with outcomes (p . 0.20). Instrumental activities of daily living impairment was excluded because of low prevalence (n 5 21). There was close correlation of occupational grade with education, so the former was excluded from final models. The remaining covariates were retained.
Statistical analyses. We used log-binomial regression to model risk ratios (RR) for impaired cognitive function. Using "unexposed" as the reference, we tested associations between moderate and high exposure to each solvent type and impairment risk for each cognitive score, adjusting sequentially for age and education, and then for the latter plus BMI, hypertension, smoking, alcohol consumption, and depressive symptomatology. We repeated the preceding analyses using time since last exposure (unexposed, distal, proximal) as the exposure metric. We tested for multiplicative interaction between exposure dose and timing by adding an interaction term into adjusted models. We then categorized exposure to each solvent into a 5-level variable to test combined effects of dose and timing: unexposed, moderate-distal exposure, moderateproximal exposure, high-distal exposure, and high-proximal exposure. We tested associations between these exposure metrics and all cognitive outcomes, using the unexposed as reference. Because aromatic solvent exposure was very rare (,3%), results are not presented and are available on request. We repeated the preceding tests using continuous rather than dichotomous outcomes (available on request). Analyses were conducted using SAS versions 9.2 and 9.3 (SAS Institute, Cary, NC).
Standard protocol approvals, registrations, and patient consents. Approval for GAZEL was obtained by the French National Committee for Data Privacy (Commission Nationale Informatique et Libertés); our study was conducted with the approval of the human subjects committee at INSERM. Written informed consent was provided by all GAZEL participants at cohort inception (1989) and cognitive testing (2010) .
RESULTS
At least one cognitive test was completed by 2,143 men, with average age of 66 years (SD 2.8) and 10 years since retirement at testing. Approximately 33% were ever exposed to chlorinated solvents, 26% ever exposed to benzene, and 25% ever exposed to petroleum solvents (table 1) . Twelve percent were highly exposed to one solvent type and 11% to 2 or 3. Within the sample, 8% were smokers, 14% were heavy drinkers, 14% were obese, 37% had hypertension, and 13% had depressive symptoms (results not shown).
Based on distribution of cognitive scores (table e-1 on the Neurology ® Web site at Neurology.org), potential ceiling effects were observed for the MMSE and FCSRT-Immediate and -Delayed; other tests were normally distributed. Eighteen percent had no impaired scores, 59% had 1 to 3 impaired scores, and 22.5% had $4 impaired scores.
We tested associations between moderate and high exposure to each solvent class and risk of impairment on each test (table 2; reference 5 unexposed). In adjusted models, impairment on the MMSE was significantly associated with high lifetime exposure to chlorinated solvents (risk ratio 1.18; 95% confidence interval [CI] 1.06, 1.31), benzene (risk ratio 1.17; 95% CI 1.05, 1.31), and petroleum solvents (risk ratio 1.22; 95% CI 1.09, 1.36). Among the moderately exposed, risk was only significantly elevated for chlorinated solvents. We observed similar results in the DSST, although the magnitude of associations was generally higher than for the MMSE. Again, risk of impairment was significantly associated with high exposure to chlorinated solvents (1.54; 1.31, 1.82), benzene (1.31; 1.11, 1.56), and petroleum solvents (1.40; 1.19, 1.66). The other 2 test scores consistently associated with high exposure were semantic fluency and TMT-B. Patterns for these exposures were similar to those for the DSST and MMSE. High exposure was marginally associated with FCSRT-Immediate performance. Solvent exposure was not generally associated with impaired functioning on the FCSRT-Delayed, TMT-A, or phonemic fluency. In sensitivity analyses using continuous rather than dichotomous outcomes, results were similar.
We tested whether exposure timing was associated with poor cognitive functioning; as expected, results showed graded associations between timing and cognitive function in domains similar to those affected by lifetime dose (table e-2). Analysis of combined measures of exposure period and dose (table 3) showed that for MMSE, DSST, semantic fluency, FCSRT-Immediate and -Delayed (except for benzene), and TMT-B, the most hazardous category was highproximal exposure, which was significantly or marginally associated with increased risk across all solvent types. Some of the latter effects were not evident in separate analyses of dose and timing. High-distal exposure was either significantly or marginally associated with MMSE impairment; this pattern held to a limited extent for associations between chlorinated solvent exposure and DSST. Overall, results suggest that for some cognitive domains (general cognitive status and psychomotor speed), time may not fully attenuate risk when lifetime solvent exposure is high.
Within dose groups (moderate vs high), those who were proximally exposed to a given solvent almost uniformly had higher risk than the distally exposed, although nearly all CIs overlapped. Within timing groups (distal vs proximal), those who were moderately exposed consistently had lower risk than the highly exposed. DISCUSSION We tested associations between lifetime exposure to 4 types of occupational solvents Moderately exposed 361 16.85
Highly exposed 352 16.43
Last exposed pre-1980 (among exposed) 334 15.59
Last exposed 1980 onward (among exposed) 378 17.65
Benzene exposure Unexposed 1,583 73.87
Moderately exposed 282 13.16
Highly exposed 278 12.97
Last exposed pre-1980 (among exposed) 370 17.27
Last exposed 1980 onward (among exposed) 190 8.87
Petroleum solvent exposure Unexposed 1,611 75.17
Moderately exposed 271 12.65
Highly exposed 261 12.18
Last exposed pre-1980 (among exposed) 373 17.40
Last exposed 1980 onward (among exposed) 159 7.42
and postretirement risk of poor cognitive function. When quantifying solvent exposure by total lifetime dose, time since most recent exposure, and a combined metric, we found consistent associations between solvent exposure and risk of impaired general cognitive status, psychomotor speed, semantic fluency, immediate recall, and executive function. We did not find consistent associations between solvent exposure and delayed recall, phonemic fluency, or visualmotor speed. Our study advances knowledge of the associations between solvent exposure and cognitive function in several ways: first, by testing effects among workers who had been retired for 10 years on average at the time of testing; second, by expanding the breadth of cognitive tests used and contributing to understanding of domains of long-term function associated with solvent exposure; and third, by elucidating individual and combined roles of solvent timing and dose in shaping risk of poor cognitive function.
We found that associations between multiple types of occupational solvent exposure and certain aspects of cognitive function may exist in retirement, decades after exposure has ceased. A few studies have found effects of high exposure that occurred up to 30 years before testing, although not necessarily in retired populations. 9, 27, 28 Studies using occupational cohorts are prone to healthy worker bias in which exposed workers exit the workforce or retire early, leaving a healthier group remaining. 29 Our sample consists of only retired persons, allowing us to show that effects of solvent exposures on cognition may persist many years after labor market exit. In addition, retirement is statutory in EDF-GDF and participants retire at a relatively young age, for 90% between 50 and 60; thus, it is less likely that exposure precipitated retirement. We expand on prior findings 3,20 by explicitly comparing those with more and less recent exposure, allowing simultaneous analysis of dose and recency. We found highest risk of poor cognitive function in those with high, proximal exposure, with a trend toward increased risk among those who were highly but distally exposed. In addition, those in the highest risk category (high-proximal exposure) exhibited cognitive deficits in nearly all tested domains, rather than only domains most frequently associated with solvent exposure. We find that for low-level exposures, effects may indeed attenuate with time, perhaps explaining mixed results in prior studies. 5, 30 We found consistent associations between lifetime solvent exposure and measures of general cognitive status, psychomotor speed, semantic fluency, and executive function, and marginal associations with immediate recall. While semantic fluency was found to be significantly predicted by solvent exposure, no association was found with phonemic fluency. These 2 fluency tasks involve different cognitive processes, with semantic fluency relying on memory processes and thus temporal lobe structures and phonemic fluency being more sensitive to subcortical lesions such as those seen in vascular dementia or Parkinson disease. 31 This pattern of results was also reported in relation to lead exposure. 32 A 2008 systematic review of 46 cross-sectional studies of solvent exposure and cognitive function found the strongest decrements in the areas of processing speed and attention, but little effect on verbal memory. 4 Our findings are supported by a recent fMRI study that found that occupational solvent exposure was associated with reduced activation in the anterior cingulate cortex, dorsolateral prefrontal cortex, and prefrontal cortex during tests of attention and working memory. 33 Because this is the last human brain region to develop, it may be most vulnerable to insults from chemical or physical agents, which may explain its sensitivity to solvent exposure. Furthermore, because prefrontal cortex atrophy is also associated with aging, 34 these findings underscore the importance of testing older individuals and retirees to understand whether deterioration happens differentially for those with and without solvent exposures.
Our study has limitations. We had a one-time battery of cognitive tests, administered after the exposure period ended, so we were unable to adjust for baseline levels of cognitive function or assess change over time. This could potentially induce bias if individuals with poorer baseline cognition were more likely to stay in higher-exposure jobs, incurring additional damage from solvents. While we are unable to test for this possibility, our JEM takes account of lifetime occupational position in calculating exposure, so we were able to indirectly control for occupational trajectory. We also adjusted for education, a known premorbid determinant of cognitive function, and for age. However, repeat assessments of cognitive function would have permitted analysis of both causal ordering and cognitive change over time. For a small number of participants, we have a measure of MMSE and DSST taken 6 years prior 3, 20 ; however, we were unable to examine change over time because of small cells created by stratified analyses.
Because the present study involved multiple statistical tests, certain findings-such as the different results for phonemic and semantic fluency-could be attributable to chance. The consistency of our results and their concordance with prior literature generally points to a nonspurious effect. Nevertheless, the many domains of cognitive function tested and the several quantifications of lifetime occupational solvent exposure performed mean that our analysis perhaps generates as many hypotheses as it tests.
Lastly, although we controlled for sociodemographic, psychological, physiologic, and behavioral factors that could contribute to cognitive deficits, there may be residual confounding by factors such as cardiovascular disease, diet, and physical activity related to both occupational exposures and cognitive status, which could partially explain the observed relationship. However, we were able to adjust for proxy variables such as hypertension and other health indicators (smoking and BMI) that tend to covary with diet and physical activity, 35 increasing confidence that alternative explanations were not responsible for the observed effects. The use of a prospective design and validated JEM eliminates risk of differential misclassification of exposure regarding the outcome, but nondifferential misclassification is possible. This is less of a risk for matrices such as MATEX that are constructed for use in a particular company or industry, and in any case, such misclassification would either flatten exposure-response curves or bias results toward the null. 36 To test for selection bias into the sample, we compared solvent exposure statuses of eligible participants who declined examination. We found that the highly exposed were more likely to decline participation (e.g., for chlorinated solvents, 20% of nonparticipants were highly exposed vs 16% of participants). The resultant lower average exposure level among those in our sample could bias results toward the null.
A strength of our study is our exposure assessment tool that was independent of cognitive tests and provided quantitative estimates of exposure dose and timing. Workers were generally hired by EDF-GDF as young adults and remained there until retirement, permitting greater precision than population-based JEMs. 21, 37 Exposure assessments that are weak either because of data collection (e.g., self-reported and retrospective, which may be subject to recall bias with respect to current cognitive function) or data quality (e.g., dichotomous exposure metrics) have been identified as major weaknesses in the literature on solvent exposure and cognitive function; our study addresses both gaps. 1, 4, 38 We find that occupational solvent exposure during working life predicts postretirement deficits in general cognitive status, psychomotor speed, immediate recall, semantic fluency, and executive function among retirees, particularly those with high lifetime exposure, recent exposure, or both. These findings strengthen evidence of detrimental effects of occupational solvents on workers' cognitive health and provide a more complete picture of long-term effects of solvent exposure on multiple domains of cognitive function in retirement. Particularly because solvent exposure levels in the French working population are ubiquitous (used in nearly all manual tasks), high (12%-13%), and not decreasing among current cohorts of working adults, 39 such exposures remain a real risk to the present and future cognitive health of workers. This is of particular importance in the present context of rising retirement ages in industrialized countries. One of the main challenges in extending working lives is ensuring that workers maintain good physical, mental, and cognitive health as they age. Organizations, payers, and society may benefit from both a more productive workforce and a reduction in workers' postretirement health care costs by protecting them from adverse exposures. Clinically, retired patients who experienced prolonged exposure to solvents during working life may benefit from cognitively stimulating activities to offset damage. By asking retired patients about former occupational exposures, physicians may be able to target such efforts toward patients who could derive maximum benefit.
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